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Abstract Stepping down at a change of height is a fun-
damental part of human locomotion. At a novel step, this
requires the transformation of visual information about a
depth change into a stepping movement of appropriate size.
However, little is known about this process or its devel-
opment. We studied adults, 3- and 4-year-old children
stepping down a single stair of variable height. We asses-
sed how well stepping down was scaled to stair height
using several kinematic measures. Of these, ‘kneedrop’ and
‘toedrop’ describe how far the leg has descended by the
time it begins to ‘swing in’ in preparation for landing; and
‘toeheight (speedpeak)’ describes where the toe begins to
decelerate. If visually controlled, their values should scale
to the height of the stair. Under normal visual conditions,
children scaled these movements to stair height as well as
adults. In a second condition, participants closed their eyes
just before stepping down to remove visual feedback dur-
ing the step. Adults’ steps were barely affected. For 4-year
olds, only toeheight (speedpeak) decreased. For 3-year
olds, both toedrop and toeheight (speedpeak) scaled less
well to stair height than normal. The results suggest that
visuomotor processes for fine-tuned stepping control
develop remarkably early, but are initially dependent on
visual feedback.
Keywords Locomotion  Development  Vision 
Feedback  Human
Introduction
Humans can modify gait patterns to ensure safe walking
across a vast range of locomotor environments. Many of
these changes are driven by visual input. The focus of this
paper is the one frequently occurring feature of uneven
terrain—depth drops. As a model for this situation we
measure performance on a single manmade step. We
examine how visual control of stepping down develops
during early childhood, and the role of online visual
feedback in this development.
Stepping down is a challenging task for children, and
develops late when compared with stepping up (Berger
et al. 2007). The body must be moved to a new level over
the course of one or two strides, sometimes over quite a
large vertical distance. To prevent falls, balance must be
maintained, often on one leg. In stepping up, the vertical
extent of the step can be perceived by comparing the vis-
ible riser with cues to vertical distance in the surrounding
environment. In contrast during steps down, the vertical
extent of the step is not visible and the depth must be
deduced from other cues, for example texture gradients
created by subsequent stairs. For young children, whose
motor and visual systems are still developing, this task
might reasonably be expected to push the limits of their
visuomotor capability.
Infants as young as 6 months make appropriate judg-
ments about depth drops, avoiding crawls to the far side
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of a table with an apparent drop (Gibson and Walk 1960)
and 18-month olds choose which of three steps to ascend
based on the steps’ height (Ulrich et al. 1990). Little is
known about the precise visual inputs used for step des-
cent in children, though when stepping from a stationary
position, both 6-year olds and adults make choices using
the ratio between step height and the distance from their
foot to the top edge of the step (Cesari et al. 2003).
Biomechanical studies show that during stair descent
10-year olds make similar patterns of hip, knee, and ankle
flexion to adults (Nahorniak et al. 1999). However, to our
knowledge there are no studies examining the kinematics
of step descent in typically developing children younger
than 10 years. The lack of early developmental data on
such a key everyday task provides the motivation for the
current study.
Adults scale certain aspects of their movement to the
depth of step they are descending in a manner that
demonstrates visual control (Cowie et al. 2008). In the
current study, our first aim was to measure whether
children also scale these aspects of movement to step
depth under normal visual conditions. Our second aim
was to investigate the role of visual feedback in stepping
down, for both adults and children. Occluding vision
before stepping has significant effects on various aspects
of adults’ landing performance, as if they must probe for
the ground (Buckley et al. 2008). A burst of calf muscle
activity just before landing on a step (Santello 2005) also
suggests the use of visual feedback in stepping down
(Craik et al. 1982). This feedback could, for example,
allow participants to judge where their limbs are relative
to the step or to each other, and correct their stepping
trajectory as necessary. We hypothesised that feedforward
and feedback controllers for stepping down might also
have different developmental trajectories. We compared a
condition where the environment was visible throughout
the step—allowing both feedforward and feedback pro-
cesses—with an ‘open-loop’ condition where feedback
was eliminated and only feedforward control was
available.
Participants stepped down a single step whose height
varied unpredictably between trials (Cowie et al. 2008). In
this paradigm, vision is the predominant sense used to
obtain information about the step. All steps and measures
were scaled to leg length to equate the motor demands of a
step across ages. Children become able to descend a
staircase with alternating feet around 3 years (Knobloch
et al. 1980). 3.5 years was the youngest age at which the
majority of children would comply with having kinematic
markers fitted and would reliably follow the task instruc-
tions. We therefore studied children around this critical
age, comparing 3.5-year olds and 4.5-year olds in a narrow
band around each mean age.
Method
Participants
A total of 9 adults (mean age 22.39, SD 2 years, 3 males), 9
4-year olds (mean age 4.51, SD 0.05 years, 5 males), and
11 3-year olds (mean age 3.47, SD 0.06 years, 5 males)
took part. Data from nine 3-year olds are included since
two did not complete the experiment. Children’s data were
collected over the course of two visits to the laboratory, no
more than one month apart. The age statistics above are
mean values across the two visits. All participants were
confirmed to have normal or corrected-to-normal vision,
including normal stereo acuity on the TNO test (Institute
for Perception 1972). Prior to testing, all participants (or
their caregivers, as appropriate) gave informed consent.
The study was approved by the University Ethics Com-
mittee and carried out according to the principles laid down
in the 1964 Declaration of Helsinki.
Equipment
Kinematic data were recorded using a 6-camera motion
tracking system (SMART, Milan) operating at 60 Hz.
Cameras fixed at ceiling height surrounded a 1.6 m 9
1.6 m 9 1.6 m testing area, allowing accurate 3D recon-
struction of marker positions. A simple ‘step’ was con-
structed from 18 mm planks of wood. The height of its upper
platform was constant for all trials and step height was
varied by changing the lower platform between trials, so the
step up at the start of each trial was no guide to the height to
be descended. The lower platform was a minimum of 36 mm
high. Kinematic markers were placed on the corners of the
upper and lower steps, and on 8 lower-body locations. On
each leg, these were the lateral epicondyl of knee, lateral
malleolus, second metatarsal head, and heel (most posterior
point of calcaneus, at the height of the second metatarsal
head). Participants were barefoot and wore shorts to allow
easy camera viewing of the kinematic markers.
Design
To enable scaling of riser height, leg length was measured
as the distance from greater trochanter to lateral epicondyl
to lateral malleolus. Age (3 years, 4 years, adult) was a
between-subjects factor. Within-subjects factors were riser
height (8, 16, 24% leg length) and vision condition (vision
(V): vision available throughout the step; open-loop (O):
vision available before the step but not during it). Within
each vision condition, participants completed 5 trials at
each of the 3 riser heights, totalling 15 trials. Vision con-
dition and riser height were randomised for adults. Sub-
sequent pilot work showed it was not possible to randomise
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vision conditions for children, since they became confused
with changes of instruction between the two conditions
(see ‘‘Procedure’’). Children, therefore, completed vision
conditions in blocks, over two lab visits. On visit 1 they
completed the V condition. On visit 1 or 2, if they remained
co-operative, they completed the O condition. Within each
vision condition they completed five sub-blocks, each
containing in random order one trial at each of the three
riser heights.
Procedure
The task was to step down from the upper to the lower
platform, with the lead and then trailing leg, ending with
feet side-by-side. Because in pilot tests children often
stepped abnormally (effectively making a game of the step
down), we introduced a game between trials to encourage a
more normal stepping action. Participants stepped down on
to the lower platform and waited for instructions to leave it.
Then they stepped down on to the ground in front of the
lower platform, and walked along an L-shaped path to a
picture of an animal which they collected. The path was
centred to encourage steps forwards rather than to one side.
The L-shaped path and the fact that children were shown
the picture before each trial discouraged children from
looking at the picture during the step down. The procedure
worked very well in eliciting broadly normal stepping
behaviour from the children.
Participants had one or two practice trials stepping down
the step (set to a random height). The experiment started
when participants were comfortable with the markers and
the task. On all trials they walked to the upper platform
with eyes closed, accompanied by the experimenter. Then
instructions depended on vision condition. On V trials they
heard a ‘boing’ sound on which they opened their eyes,
followed by a second sound on which they stepped down.
On O trials they likewise opened their eyes on the first
sound, but closed their eyes and immediately stepped down
on the second sound. The sounds were always separated by
2 s, so the step was visible for 2 s before stepping. Before
each block of trials they practised opening or closing eyes
with the sounds appropriate for that condition. Participants
of all ages were encouraged to look at the step during the
viewing period and clearly did so. Participants were free to
step with either foot first. After each trial the experimenter
adjusted the step height, out of sight of the participant.
Movement kinematics and analysis
Data from the leading leg were analysed. We exported the
3D position coordinates of each marker into SMART Ana-
lyser software (SMART, Milan) to determine the dependent
measures. These data were first filtered with a second-order
low-pass Butterworth filter, cut-off frequency 10 Hz. We
extracted several measures from each trial (Fig. 1).
To enable a broad comparison between adults and chil-
dren it was important to compare a range of kinematic
variables. The measures extracted were ‘kneedrop’ (Cowie
et al. 2008), ‘toedrop’, ‘toeheight (speedpeak)’, ‘maximum
toespeed’, and ‘mean toespeed’. The first two of these
depend on defining ‘peak swing’ (Fig. 1a–c). This was
calculated using vertical and anteroposterior marker coor-
dinates. In the reference frame used, the knee is ahead of the
ankle as the foot lifts off the top step. As the leg swings
outward, the forward coordinate of the ankle approaches
and may overtake that of the knee. The difference between
forward knee and forward ankle positions reduces. We
defined peak swing as the point at which this positional
difference reaches a minimum or plateau. Measures were
then defined as follows. Kneedrop is the vertical distance
descended by the knee from its peak height to its position at
peak swing (Fig. 1b). Toedrop, newly reported here, is the
vertical distance descended by the toe (MH marker) from its
starting position on the upper platform to its position at peak
swing (Fig. 1c). It measures how far the toe has dropped
vertically from its start position on the platform, at the time
when the leg has ceased to swing outwards and is beginning
to swing back in preparation for landing. Toe movement is
partly coupled to knee movement, but flexibility at the ankle
joint adds extra degrees of freedom which this measure
captures. Toeheight (speedpeak) is also a measure of ver-
tical toe movement, capturing the toe’s movement as it rises
off the top step (Fig. 1d). It is defined as the vertical dis-
tance the toe rises from its starting position on the upper
platform to the point where it reaches its maximum speed.
(Speed is the magnitude of the velocity vector along its
resultant direction, calculated in three dimensions.). This
was always the first and largest of any speed peaks and
preceded the swing peak. Since it usually occurred when the
toe was above the upper platform, we report this variable in
terms of height above the platform (in contrast to the
kneedrop and toedrop measures). Previous work (Cowie
et al. 2008) showed that in adults kneedrop varied with riser
height, implying that it was under visual control. With
larger steps, the point at which participants swung their leg
back in came later. We expect that toedrop and toeheight
(speedpeak) may be similarly related to a critical location in
the descent of the foot towards the target step. Mean toe-
speed and maximum toespeed are the mean and maximum
values of the toe’s speed during the step down (between
heel-off and toe-strike).
After analysis, we averaged each participant’s measures
from their five trials at each combination of riser height and
vision condition. Extensive pilot data showed no difference
in values obtained with the left and right legs, so data from
both legs were included in these averages. At each age, we
Exp Brain Res (2010) 202:181–188 183
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also measured standard deviation of response for kneedrop
and toedrop measures, across trials of the same riser height
and vision condition (e.g. variability within a set of trials at
16% leg length, in the open-loop condition, for 4-year
olds). For each participant we averaged these measures
across three riser heights and considered how this mean
response variability changed with vision condition and age.
Results
Figure 2 plots mean values of the five measures we ana-
lysed for adults in both vision conditions. Figure 3 presents
these data for children. Data are shown only for children
who completed both vision conditions. To enable future
clinical work with our paradigm (e.g. comparisons between
typical and atypical development), it is important to
describe the typical pattern of behaviour at each age. We
therefore assessed for each age group whether movement
scaling occurred and how it was affected by the removal of
visual feedback. To do this, for each variable we conducted
a repeated measures ANOVA at each age with factors riser
height (8, 16, 24% leg length) and vision condition (V, O).
These results are shown in the top three sections of
Table 1. Next we assessed how scaling patterns changed
with age, by conducting for each variable a repeated
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measures ANOVA with factors riser height (8, 16, 24% leg
length), vision condition (V, O), and age (3, 4 years, adult).
These results are shown in the bottom section of Table 1.
Since we expected any effects of riser height to be
monotonic we report linear contrasts for riser height effects
(but main effects for other factors and interactions).
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Vision available
For each variable, visually driven scaling of movement to
riser height would be shown by an effect of riser height.
Adults did indeed scale all five variables to riser height
(Table 1; Fig. 2). At each age children scaled kneedrop,
toedrop and toeheight (speedpeak) measures to riser height.
However, variability across each participant’s five trials
was higher for children than adults (Table 2), and toeheight
(speedpeak) occurred proportionally further above the step
for children than adults (there was a significant effect of
age on this variable). Children achieved very similar toe
speeds to adults during the step down; but excepting mean
toe speed at 3 years they did not scale mean and maximum
toe speed to riser height. However, even for adults speed
differences between shallow and deep steps were a small
proportion of total speed.
Visual feedback removed
If scaling movements to riser height depend on visual
feedback, there would be an effect of the visual condition
on scaling, i.e. a vision condition 9 riser height interac-
tion. In adults, the only variable we measured which
showed such an interaction was maximum toe speed
(Table 1), suggesting a role of feedback in fine-tuning the
speed control of the step. With feedback removed
responses across five trials became slightly more variable
for toedrop and slightly less variable for kneedrop
(Table 2). Therefore, for adults in this experiment, move-
ment scaling to riser height was not greatly affected by the
removal of vision during a single step down.
Table 1 Results of repeated measures ANOVAs with the factors riser height (8, 16, 24% leg length) and vision condition (vision, open-loop),
conducted on five parameters (column headings) at each of three ages (top three rows); results of a riser height 9 vision condition 9 age
(3 years, 4 years, adult) ANOVA (bottom row)
Kneedrop Toedrop Toeheight (speedpk) Max toe speed Mean toe speed
df F P F P F P F P F P
Three years
Riser height 9 vision condition 2.16 1.2 0.316 6.4 0.009* 3.9 0.042* 2.1 0.159 0.1 0.907
Vision condition 1.8 0.3 0.615 1.8 0.218 5.0 0.055 2.6 0.143 1.6 0.235
Riser height 1.8 29.8 0.001* 38.5 0.000* 18.5 0.003* 3.6 0.096 6.7 0.033*
Four years
Riser height 9 vision condition 2.16 1.2G 0.313 0.6 0.555 0.5 0.641 2.4 0.118 2.2 0.142
Vision condition 1.8 0.2 0.674 2.9 0.127 18.6 0.003* 0.0 0.992 0.04 0.844
Riser height 1.8 26.2 0.001* 35.6 0.000* 6.3 0.036* 0.1 0.753 1.2 0.298
Adult
Riser height 9 vision condition 2.16 0.6 0.569 0.5 0.627 0.6 0.538 5.7 0.014* 2.2 0.141
Vision condition 1.8 0.2 0.668 0.1 0.807 1.9 0.207 0.1 0.795 2.1 0.183
Riser height 1.8 82.6 0.000* 100.9 0.000* 38.8 0.000* 24.6 0.001* 36.7 0.000*
All ages
Riser height 9 vision condition 9 age 4.48 1.3 0.271 1.8 0.138 1.1 0.346 3.6 0.012* 1.5 0.221
Riser height 9 age 4.48 2.4 0.062 2.0 0.108 1.2 0.334 0.6 0.648 1.9 0.133
Vision condition 9 age 2.24 0.3 0.733 0.8 0.463 3.5 0.047* 0.3 0.737 0.2 0.793
Vision condition 9 riser height 2.48 0.7G 0.490G 3.3 0.047* 2.5 0.094 0.4 0.648 0.6 0.569
Riser height 1.24 123.2 0.000* 148.4 0.000* 50.3 0.000* 8.2 0.009* 22.0 0.000*
Age 2.24 1.4 0.256 0.9 0.402 4.2 0.026* 2.4 0.111 1.2 0.328
Vision condition 1.24 0.1 0.794 4.2 0.051 21.5 0.000* 0.2 0.654 1.8 0.197
Degrees of freedom, F and P values are shown. Linear contrasts shown for factor riser height, main effects for other factors
Gdata have been Greenhouse-Geisser corrected (corrected degrees of freedom not shown). See text for parameter definitions
* Significant at 0.05 level
Table 2 Groups’ mean within-participant standard deviations in
kinematic measures kneedrop and toedrop, under vision conditions
V (vision) and O (open-loop); percentage increase in variability from
V to O
Kneedrop Toedrop
V O 100 9 OVV V O 100 9
OV
V
Three years 1.89 1.98 4.76 2.34 2.6 11.1
Four years 2.13 1.96 -7.98 2.32 2.44 5.2
Adult 1.20 1.13 -5.83 1.53 1.66 8.5
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Feedback removal reveals an interesting pattern at 3 and
4 years. Kneedrop was not affected at either age. In con-
trast, there was an interaction between vision and riser
height for toedrop at 3 years. This shows that the ability to
scale toedrop to riser height was significantly affected by
removing visual feedback for the youngest group of chil-
dren (Fig. 3). There was no such effect on this parameter at
4 years. As with full vision, children made more variable
responses than adults, and this response variability was
most increased by the removal of feedback in 3-year olds
(Table 2). Like toedrop, the scaling of toeheight (speed-
peak) to riser height was affected by vision condition at
3 years. At 4 years the scaling of this variable was not
affected by vision condition, but its mean level was sig-
nificantly higher in open-loop than with full vision. This
could result from the foot being raised higher above the
step, or the peak occurring earlier in time. The contrasting
pattern of results between 4 years and other age groups
resulted in a vision condition 9 age interaction for toe-
height (speedpeak). There was little effect of removing
visual feedback on mean toe speed. For maximum toe
speed, a riser height 9 vision condition 9 age interaction
showed that the response to feedback removal changed
with age, though again this reflects quite small effects.
There was no main effect of vision condition on speeds in
any age group, i.e., the overall speed with which the step
was made did not suffer when feedback was removed.
When all data are considered together, the extent to which
feedback removal affected scaling to riser height did not
depend on age (Table 1, bottom section).
Summary
Taken together these results show adult-like control of key
kinematic variables in very young children stepping down
with normal vision. The scaling of visually guided vari-
ables (kneedrop, toedrop, toeheight (speedpeak)) to step
height stayed remarkably constant with age, as did the
mean levels of all variables, measured in units of leg
length. However, when visual feedback was removed in the
open-loop condition, the three age groups we studied were
differentially affected. Some scaling in the kneedrop
parameter was preserved at all ages. In open-loop, scaling
of toedrop was weakened for 3-year olds but preserved in
4-year olds and adults. Presumably scaling at the toe
indicates a finer level of control than at the knee, since
additional degrees of freedom must be controlled in addi-
tion to those used for kneedrop. Likewise, the removal of
visual feedback had its greatest effects on toeheight
(speedpeak) at younger ages. Scaling was affected at
3 years; mean level was affected at 4 years; and there were
no effects for adults. There were differences in the scaling
of maximum and mean toe speeds at different ages, though
these effects were small in comparison to those observed
for other variables. The kneedrop measure depends partly
on the knee’s peak height as it raises above the step.
However, analysis demonstrated that at all ages variations
in these peak heights were small and in the wrong direction
to contribute to the effects of kneedrop we found.
Discussion
Role of vision in stepping down
As well as kneedrop (Cowie et al. 2008), we have shown
that the variables toedrop and toeheight (speedpeak) are
visually controlled by adults. Despite slightly greater var-
iability of response, children as young as 3 years old used
vision to scale many of the same aspects of leg movement
as adults did. As young as 3 years then, children use visual
information where possible to ensure safe and largely
efficient stepping down.
Not only the manner but also the extent of movement
scaling was the same for adults and children, when steps
were appropriately scaled to body dimensions. The fact that
children scale movements as sensitively as adults may seem
surprising, since children of this age can often be seen
struggling to descend steps. However, our steps were scaled
to leg length. Adults in our studies found our deepest step
(24% leg length; *22 cm) a little uncomfortable. For an
average 3-year-old a 22 cm step is 44% leg length, well
outside a comfortable range; yet children encounter such
steps in everyday environments. Our results therefore sug-
gest that it is not children’s visuomotor skills which limit
their usual stepping-down performance, but rather the
demanding environments they are faced with. The findings
provide strong motivation for designing appropriately
shallow staircases in child-centred environments. They also
provide a new quantitative basis for studying the develop-
ment of these processes in clinical populations where
stepping processes are reported as a problem (e.g. Devel-
opmental Coordination Disorder; Johnson and Wade 2007).
Role of visual feedback in stepping down
Our results suggest that younger participants rely more
than older on online vision during stepping down. At
3 years there were multiple effects of removing visual
feedback: notably a reduction in scaling on toedrop and
toeheight (speedpeak) measures. At 4 years mean values of
toeheight (speedpeak) were affected; in adults only the
scaling of maximum toe speed was affected. By extension
this result implies that under normal viewing conditions
these children use feedback to modify and correct their
motor programs. The function of this feedback could be to
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track one’s own limbs, maintain information about the
target surface, or both; and it might be most important
during a certain phase of the stepping movement. The
precise nature of feedback control could be addressed in
future studies. A larger sample might also provide a sig-
nificant age 9 vision condition 9 riser height interaction,
which would show more directly that the dependence of
scaling on feedback changes with age. It is possible that
such development reflects maturation of cerebellar internal
models (Wolpert et al. 1998). However, there have been
few studies directly measuring cerebellar development
during childhood (Parker et al. 2008).
Our results are consistent with the finding that young
walkers use visual and tactile feedback from exploratory
behaviours when deciding whether to attempt walking on a
slope (Adolph 1995). In whole-body movements which are
badly planned, young children nevertheless effectively use
visual feedback (DeLoache et al. 2004). However, our
results do contrast somewhat with those of Buckley et al.
(2008) who found effects of removing feedback on adults’
stepping down behaviour. Recent studies have investigated
more thoroughly the effect of feedback removal on adults’
stepping down (Timmis et al. 2009).
Young children rely more than older on vision for bal-
ance (Shumway-Cook and Woollacott 1985). Further work
is, therefore, needed to quantify the contribution of balance
to stepping down, since removing visual feedback also
removes visual information for balance, which in turn may
limit how sensitively motor plans can be executed. Physical
developments, for example, in muscle strength, tone, or
range of motion—may be important for maturation of the
whole system, and future work should determine the
interplay between physical and visuomotor factors in
the development of stepping down. Finally, we blocked the
presentation of trials in the different vision conditions for
children. This may have made young participants more
cautious, leading to reduced movement scaling in the open-
loop condition. However, one could equally argue that it
would encourage children to gather extra visual informa-
tion in the pre-step period and scale more than usual. These
issues may be addressed in future work.
Conclusions
When visual information is available, 3- and 4-year-old
children use it to plan their steps down, and do so with the
same sensitivity as adults. However, while young children
show robust visual calibration of their movements under
normal visual conditions, they are more affected than older
children and adults by removing visual feedback during the
step down. This suggests developing visuomotor processes
for stepping at this age, and encourages investigation into
the role of visual feedback for young children in a wider
variety of walking situations.
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